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1  | INTRODUCTION
Timing	of	 reproduction	within	 a	 season	 is	 an	 important	 fitness	 fac-
tor	 for	most	 organisms.	 The	 timing	of	 life	 cycle	 events	 (phenology)	
of	 many	 organisms	 has,	 however,	 been	 altered	 by	 global	 warming	
(Parmesan,	2007;	Walther	et	al.,	2002).	Because	warmer	springs	may	




and	 community	 composition	 (Walther,	 2010;	 Walther	 et	al.,	 2002;	
Young	&	Rudolf,	2010).
Given	 the	 importance	 of	 food	 resources	 for	 reproduction	 and	
survival	 (Martin,	 1987;	 Thomas,	 Blondel,	 Perret,	 Lambrechts,	 &	
Speakman,	2001;	Visser,	Holleman,	&	Gienapp,	2006),	the	synchrony	
between	the	phenology	of	breeding	and	phenology	of	resources	(e.g.,	




is	closely	 related	to	 temperature	due	to	 the	strong	temperature	de-






















2012;	 Husby,	Visser,	 &	 Kruuk,	 2011;	 Reed,	 Jenouvrier	 et	al.,	 2013;	








sums	 calculated	 as	 the	 cumulative	 sum	of	 daily	mean	 temperatures	
over	a	time	period	(see	Methods).	Such	thermal	sums	have	been	shown	
to	predict	arthropod	phenology	(Hodgson	et	al.,	2011;	Jarošík,	Honěk,	
Magarey,	 &	 Skuhrovec,	 2011;	 Lindblad	 &	 Sigvald,	 1996;	 Valtonen,	
Ayres,	 Roininen,	 Pöyry,	 &	 Leinonen,	 2011)	 and	 arrival	 (Saino	 et	al.,	
2011)	 and	 breeding	 phenology	 of	 birds	 (Charmantier	 et	al.,	 2008;	
Kluyver,	1952).
We	 investigated	 the	 links	 between	 the	 thermal	 progression	 of	
spring,	 breeding	 phenology,	 and	 individual-	 and	 population-	level	
demography	 for	 an	 insectivorous,	 tropical	 migrant,	 the	 northern	
wheatear	 (Oenanthe oenanthe	 L.)	 during	20	years	of	 study.	As	many	
other	species	(Verhulst	&	Nilsson,	2008),	northern	wheatears	show	a	
general	seasonal	decline	 in	fitness	(i.e.,	selective	advantage	for	early	






those	 trends	 to	 corresponding	 trends	 in	within-	year	 patterns	of	 se-











age	 rates	of	 reproduction	and	or	 survival	 across	 the	years	of	 study.	
If	 the	patterns	 revealed	by	 long-	term	trends	were	supported	by	 the	
underlying	relationships	within	years,	we	expected	the	annual	degree	
of	thermal	matching	(i.e.,	the	birds’	breeding	time	relative	to	the	ther-
mal	 progression	 of	 spring,	 schematically	 illustrated	 in	 Figure	1b)	 to	
be	associated	with	the	strength	of	within-	season	advantage	for	early	
breeding	 (selection	 for	breeding	 time)	and	 the	demographic	 rates	 in	
each	year	(Figure	1c).
2  | MATERIALS AND METHODS
2.1 | Study species and population
Northern	 wheatears	 (hereafter	 wheatears)	 are	 small,	 long-	distant	
migrant	 passerines	wintering	 south	of	 the	 Sahara.	 They	 are	 ground	
foraging	birds	with	a	main	distribution	in	habitats	consisting	of	sparse	
ground	 vegetation,	 being	 generalists	 feeding	 on	 a	 range	 of,	mainly,	
arthropods	 (primary	 diet	 consisting	 of	 prey	 items	 belonging	 to	
Coleoptera,	Hymenoptera,	Lepidoptera,	Orthoptera,	Hemiptera,	Diptera,	
Araneae;	 Cramp,	 1988).	 For	 feeding	 nestlings,	 they	 rely	 to	 a	 large	
extent	 on	 insect	 larvae	 (frequently	 Lepidoptera,	Diptera,	Coleoptera; 
Cramp,	1988;	van	Oosten,	2016;	D.	Arlt	&	T.	Pärt,	unpublished	data),	
and	food	has	been	shown	to	be	a	limiting	factor	for	wheatear	fitness	
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(Seward,	Beale,	Gilbert,	 Jones,	&	Thomas,	2013).	We	use	data	 from	
a	 long-	term	 population	 study	 of	 wheatears	 (20	years,	 1993–2012)	

















2.2 | Demographic variables and nestling condition
All	 demographic	 data,	 used	 to	 derive	 the	 links	 between	 breeding	
time	 and	 fitness,	were	 based	on	data	 from	 the	 central	 40	km2	 part	
of	our	study	area	where	on	average	90	pairs	breed	every	year	(range	
55–126).	 This	 allowed	 us	 to	 reduce	 effects	 of	 a	 limited	 study	 area	
on	estimates	of	recruitment	and	adult	survival	(Doligez	&	Pärt,	2008)	
because	we	monitored	all	 individuals	dispersing	within	2–6	km	from	
the	 central	 area.	 Adults	 disperse	 short	 distances	 between	 breeding	
seasons	(median	distance	males:	308	m,	females:	352	m;	Arlt	&	Pärt,	
2008),	 and	 annual	 resighting	 probability	 was	 high	 (males:	 0.98,	 fe-
males:	0.89;	Low	et	al.,	2010).	All	potential	breeding	sites	of	wheat-
ears	in	the	central	part	of	our	study	area	were	monitored	every	third	
to	 fifth	 day	 throughout	 the	 breeding	 season	 (see	 also	 Supporting	
Information).	We	are	 therefore	 confident	we	 found	all	 breeding	at-





seasonal	 reproductive	 success,	 that	 is,	 including	 renesting	 attempts	




























































































Plant	 and	 arthropod	 development	 and	 hence	 phenology	 is	 strongly	
determined	by	degree	days	 (DD),	 that	 is,	 days	with	 influential	 tem-
perature	 exceeding	 a	 threshold	 base	 temperature	 where	 develop-
ment	rate	is	zero,	and	therefore,	insect	phenology	models	are	based	
on	 thermal	 sums	 based	 on	 accumulated	DD	 (Hodgson	 et	al.,	 2011;	
Jarošík	 et	al.,	 2011;	Nietschke,	Magarey,	 Borchert,	 Calvin,	&	 Jones,	
2007;	Nizinski	&	Saugier,	1988;	Valtonen	et	al.,	2011).	Here,	we	used	
accumulated	DD	to	describe	the	progression	of	spring.	For	each	day,	
we	 calculated	 DD	 as	 DD	=	Tmean	−	Tbase,	 where	 Tmean	=	daily	 mean	















The	 degree	 of	 matching	 between	 breeding	 time	 and	 the	 thermal	
progression	 of	 spring	 (thermal	 estimate	 of	 phenological	 match-
ing)	may	be	measured	 in	different	ways,	 for	example,	expressed	as	
the	 time	 difference	 between	 the	matching	 events	 or	 as	 the	 timing	








As	 an	 indicator	 of	 the	 progression	 of	 spring	 in	 each	 year,	we	 used	
the	date	on	which	a	 critical	 thermal	 sum	was	 reached.	Because	we	



















2.4.3 | Individual timing: Thermal sum at breeding
An	individual’s	timing	relative	to	temperature	(i.e.,	its	thermal	match-
















2.5 | Within- season fitness patterns
To	 assess	 potential	 breeding	 time	 effects	 on	 demography,	 we	 in-
vestigated	slopes	(selection	for	breeding	time)	and	intercepts	of	the	
relationship	 between	 demographic	 rates	 (fitness	 parameters)	 and	
     |  5ARLT And PÄRT





as	 they	 fit	 the	 data	 better	 than	models	with	 nonlinear	 date	 effects	
(Supporting	 Information).	We	expressed	 lay	dates	as	 relative	 to	 the	
earliest	 lay	date	within	each	year,	 to	make	 the	 intercept	 reflect	 the	
performance	 of	 the	 earliest	 breeder	 as	 a	 reference	 point.	We	 pre-
sent	slope	estimates	from	models	without	covariates	which	are	more	
comparable	to	estimates	reported	in	previous	studies	on	phenological	









within-	season	 fitness	 pattern	 (slope)	were	 analyzed	 using	weighted	
regression	with	year	as	continuous	variable	and	weighted	for	sample	




from	 individual	 breeding	 attempts	 during	 20	years	 and	 generalized	
linear	mixed	models	 (GLMM),	 including	a	 random	 intercept	 for	year	
to	account	 for	 the	nonindependence	of	data	within	years,	and	 indi-
vidual	 breeding	 date	 as	 covariate:	 y	~	date	+	median	 date	+	(1|year),	
or	y	~	date	+	year	+	(1|year).
Temporal	trends	of	demographic	rates	and	nestling	weights	were	
analyzed	 using	 individual	 data	 and	 GLMM	with	 random	 intercepts	











of	 annual	 average	 phenological	 matching	 and	 annual	 demographic	
rates	or	nestling	weights,	using	annual	median	of	 individual	 thermal	
sums	 at	 time	 of	 breeding	 (population-	level	 degree	 of	 matching)	 in-
stead	of	year	as	a	continuous	predictor,	and	individual	thermal	sums	
at	 breeding	 date	 (individual-	level	matching)	 instead	 of	 lay	 date.	We	
also	tested	for	quadratic	effects	but	those	were	not	found	to	improve	
model	 fit.	 Results	were	qualitatively	 similar	when	we	used	 the	 time	
difference	in	days	between	median	wheatear	lay	date	and		progression	
of	 spring	 as	 an	 alternative	 estimator	 for	 annual	 average	 phenolog-
ical	matching	 (both	were	 strongly	 correlated,	 see	 above;	 details	 not	
shown).	For	details	of	the	GLMM,	see	Supporting	Information.	All	anal-
yses	were	performed	using	the	R	software	(R	Core	Team	2013),	using	














date	TS200b3)	 proved	 a	 strong	predictor	 of	 breeding	 time	explain-
ing	78%	of	the	variation	in	annual	median	lay	date	(linear	regression,	
median	lay	date~	progression	of	spring:	estimate	=	0.424	±	0.052	SE,	





estimate	=	−0.607	±	0.241	 SE,	 t	=	−2.520,	 p	=	.021,	 R2	=	0.261;	




median	 date	 of	 breeding	 by	 on	 average	 a	 week	 (7.4	days),	 north-






seen	 when	 measured	 for	 individual	 nesting	 attempts:	 There	 was	 a	
clear	 trend	 that	 wheatears,	 despite	 breeding	 earlier	 in	 years	 with	
warmer	springs,	bred	delayed	relative	to	thermal	spring	progression;	




SE,	 t	=	−6.58,	 ΔlogLik	=	12.2,	 χ2	=	24.5,	 df	=	1,	 p	<	.0001,	 marginal	
R2	=	0.669),	 and	 increased	 about	 80	 DD	 across	 the	 study	 period	




3.2 | Trends in within- season fitness patterns
There	 is	a	general	pattern	of	a	seasonal	decline	 in	 reproductive	pa-
rameters	across	all	years	 in	 this	population	 (Öberg	et	al.,	2014),	but	
this	advantage	of	early	breeding	varied	among	years	(Fig.	S3–S8).	For	
all	 demographic	 rates	 except	 survival	 of	 adult	 females	 selection	 for	






































































































Estimate ± SE t p R2
Nest	success 0.006	±	0.002 2.84 .001 0.309
Nestling	weight 0.004	±	0.002 1.14 .177 0.099
Fledglings 0.002	±	0.001 1.51 .150 0.112
Recruits 0.004	±	0.002 1.86 .079 0.162
Male	survival 0.006	±	0.003 1.97 .064 0.178
Female	survival 0.001	±	0.002 −0.21 .840 0.003






Estimate ± SE t or z ΔlogLika Chi- square p
Nestling	weight	(N	=	2592,	N	nests	=	508,	df	=	13,	marginal	R2	=	0.404,	conditional	R2	=	0.787):
Intercept 6.689	±	1.227 5.45
Year −0.130	±	0.029 −4.49 8.4 16.8 <.0001
Nestling	age 2.213	±	0.058 38.16 570.2 1140.3 <.0001
Brood	size −0.191	±	0.054 −3.56 6.1 12.2 .0004
Lay	date 0.035	±	0.014 2.52 426.1 852.6 <.0001
FLH −0.282	±	0.148 −1.90 1.6 3.6 .058
Female	age −0.280	±	0.137 −2.05 1.8 4.1 .043
Rain −0.082	±	0.029 −2.80 3.6 7.6 .006
Density −0.006	±	0.009 −0.69 0.2 0.5 .486
Nest	success	(N	=	874,	df	=	10,	marginal	R2	=	0.103,	conditional	R2	=	0.203):
Intercept 4.409	±	1.340 3.29 .001
Year −0.088	±	0.032 −2.76 .006
Lay	date 0.005	±	0.019 −0.23 .817
FLH −0.588	±	0.244 −2.42 .016
Female	age −0.088	±	0.231 −0.38 .704
Rain −0.165	±	0.054 −3.08 .002
Density 0.002	±	0.011 0.20 .840
Fledglings	(N	=	716,	df	=	10,	marginal	R2	=	0.102,	conditional	R2	=	0.124):
Intercept 2.203	±	0.213 10.35 <.0001
Year −0.021	±	0.005 −4.24 <.0001
Lay	date −0.010	±	0.004 −2.72 .007
FLH −0.146	±	0.042 −3.52 .0004
Female	age −0.026	±	0.041 −0.64 .520
Rain −0.032	±	0.010 −3.41 .0007
Density −0.0004	±	0.0019 −0.22 .827
Recruits	(N	=	630,	df	=	10,	marginal	R2	=	0.156,	conditional	R2	=	0.262):
Intercept 2.698	±	0.651 4.15 <.0001
Year −0.082	±	0.016 −5.23 <.0001
Lay	date −0.022	±	0.011 −2.58 .040
FLH −0.313	±	0.121 −2.58 .010
Female	age −0.051	±	0.118 −0.43 .666
Rain −0.090	±	0.027 −3.38 .0007
Density −0.013	±	0.006 −2.20 .028
Female	survival	(N	=	805,	df	=	11,	marginal	R2	=	0.022,	conditional	R2	=	0.060):
Intercept 1.095	±	0.779 1.41 .160
Year −0.035	±	0.018 −1.98 .048
Nest	success 0.522	±	0.229 2.28 .023
Lay	date −0.010	±	0.013 −0.74 .457
FLH 0.036	±	0.163 0.22 .825
Female	age −0.076	±	0.175 −0.43 .665
Rain −0.006	±	0.034 −0.17 .867
(Continues)
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success	has	declined	on	average	by	a	probability	of	0.21	(from	0.92	to	
0.71),	 nestling	weight	 by	2.8	g	 (from	17.5	g	 to	14.7	g,	 nestlings	 aged	








3.4 | Linking annual phenological matching to 
within- season fitness patterns and demographic rates
Observed	 trends	 across	 the	 years	 of	 study	may	 suggest	 effects	 of	
changed	phenological	matching	as	wheatears	were	breeding	later	 in	
relation	 to	 the	progression	of	 spring,	 showed	 reduced	 seasonal	de-
cline	 in	fitness,	and	showed	strong	declines	 in	average	reproductive	
and	survival	parameters.	If	the	patterns	suggested	by	long-	term	trends	




ing)	 and	 within-	season	 fitness	 patterns	 or	 population	 demography.	
However,	 there	was	no	 significant	 relationship	between	 the	 annual	





Similar	 to	 many	 other	 bird	 species	 breeding	 in	 temperate	 climate	
zones	(reviewed	in	Dunn	&	Møller,	2014),	northern	wheatears	in	our	



















adds	 to	 only	 few	 bird	 population	 studies	 directly	 investigating	 the	
link	between	an	estimator	of	annual	average	phenological	matching	
(in	our	case	between	breeding	 time	and	 the	 thermal	progression	of	
spring)	 and	annual	 fitness	or	demographic	 rates	 (Ahola	et	al.,	 2012;	
Charmantier	 et	al.,	 2008;	 Dunn,	 Winkler,	 Whittingham,	 Hannon,	 &	
Robertson,	2011;	Lany	et	al.,	2016;	Mallord	et	al.,	2017;	Reed,	Grøtan,	












Estimate ± SE t or z ΔlogLika Chi- square p
Density −0.012	±	0.006 −1.94 .052
Male	survival	(N	=	854,	df	=	11,	marginal	R2	=	0.016,	conditional	R2	=	0.035):
Intercept 1.146	±	0.756 1.52 .130
Year −0.020	±	0.018 −1.18 .240
Nest	success 0.361	±	0.209 1.72 .085
Lay	date 0.001	±	0.013 0.08 .933
FLH −0.077	±	0.156 −0.49 .622
Male	age −0.113	±	0.171 −0.66 .509
Rain −0.040	±	0.032 −1.24 .214
Density −0.009	±	0.006 −1.47 .143
aDifference:	(log-	likelihood	of	model	including	predictor	of	interest)	–	(log-	likelihood	of	model	without	predictor).
TABLE  2  (Continued)
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and	fitness	(measured	as	demography,	selection	strength,	or	popula-
tion	 size;	 e.g.,	Visser	et	al.,	 1998;	Both	&	Visser,	2001;	Sanz,	2003;	
Both	et	al.,	2006;	Nielsen	&	Møller,	2006),	or	from	multispecies	stud-
ies	correlating	species	differences	 in	 the	magnitude	of	phenological	






4.1.1 | Within- season fitness patterns
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by	 changes	 in	 phenological	matching,	 then	we	 expect	 annual	varia-
tion	in	selection	strength	or	the	relative	advantage	of	early	breeding	
to	be	related	to	annual	variation	in	phenological	matching.	Analyzing	
the	matching	 to	 thermal	 spring	 progression	we	 found,	 however,	 no	
link	between	the	relative	advantage	of	early	breeding	in	each	year	and	
thermal	sums	at	median	breeding	time.	We	know	of	only	four	studies	
testing	 the	 link	between	annual	 average	phenological	matching	and	






rates	 (or	declining	population	 size),	during	a	 time	period	of	 increas-
ing	 spring	 temperatures,	 suggesting	 negative	 demographic	 effects	







of	our	performance	and	demographic	 rates.	Only	 five	other	 studies	
known	to	us	have	directly	linked	annual	average	phenological	match-
ing	 to	 annual	 demographic	 rates:	 One	 suggests	 that	 demographic	
rates	have	increased	with	an	increased	phenological	synchrony	(Vatka	
et	al.,	2011),	one	found	a	quadratic	relationship	between	average	an-











4.2 | Why a missing link?
Capitalizing	 on	 annual	 variation,	we	 found	 no	 relationship	 between	
the	 degree	 of	 phenological	 matching	 and	 population	 demographic	
rates.	The	 lack	of	 evidence	 for	 such	a	 link	may	have	 several	 expla-
nations	 (see	 also	Reed,	 Jenouvrier	 et	al.,	 2013).	While	demographic	
compensation	 (Reed,	 Jenouvrier	et	al.,	2013)	cannot	explain	our	 re-
sults	because	we	observed	similar,	or	at	least	not	contrasting,	results	





young)	 that	 is	 independent	 of	 phenological	matching	may	mask	 de-
mographic	effects	of	phenological	matching.	The	advantage	of	breed-









No covariates With covariates
Estimate ± SE t p Estimate ± SE t p
Nest	success 0.00018	±	0.00035 0.507 .619 0.00013	±	0.00099 −0.129 .899
Nestling	weight 0.00042	±	0.00035 1.170 .257 0.0014	±	0.0007 2.010 .060
Fledglings −0.00001	±	0.00014 −0.082 .935 0.00004	±	0.00022 0.159 .876
Recruits 0.00006	±	0.00030 −0.212 .840 0.00026	±	0.00039 0.658 .519
Male	survival 0.00015	±	0.00045 0.334 .740 0.00004	±	0.00077 0.048 .963
Female	survival −0.00040	±	0.00030 −1.300 .210 −0.00056	±	0.00047 −1.193 .248










Estimate ± SE t or z ΔlogLika Chi- square p
Nestling	weight	(N	=	2,592,	marginal	R2	=	0.357,	conditional	R2	=	0.788):
Intercept 5.292	±	2.281 2.32
Median	TS −0.008	±	0.005 −1.57 1.4 2.68 .102
Nestling	age 2.221	±	0.057 39.10 602.6 1205.1 <.0001
Brood	size −0.196	±	0.052 −3.77 7.0 14.0 .0002
Individual	TS 0.003	±	0.001 2.02 2.1 4.2 .042
FLH −0.279	±	0.143 −1.96 1.9 3.8 .051
Female	age −0.296	±	0.131 −2.26 11.3 22.6 <.0001
Rain −0.076	±	0.032 −2.35 2.9 5.7 .017
Density 0.017	±	0.013 1.23 0.9 1.7 .191
Nest	success	(N	=	874,	marginal	R2	=	0.065,	conditional	R2	=	0.180):
Intercept 3.043	±	1.675 1.82 .069
Median	TS −0.0045	±	0.0042 −1.07 .287
Individual	TS 0.0010	±	0.0019 0.55 .586
FLH −0.617	±	0.227 −2.72 .007
Female	age −0.118	±	0.231 −0.51 .612
Rain −0.166	±	0.056 −2.94 .003
Density 0.019	±	0.010 1.82 .069
Fledglings	(N	=	716,	marginal	R2	=	0.062,	conditional	R2	=	0.118):
Intercept 1.682	±	0.358 4.70 <.0001
Median	TS 0.0005	±	0.0008 0.56 .573
Individual	TS −0.0009	±	0.0004 −2.27 .018
FLH −0.153	±	0.042 −3.68 .0002
Female	age −0.031	±	0.041 −0.76 .447
Rain −0.023	±	0.011 −2.19 .029
Density −0.001	±	0.002 −0.76 .445
Recruits	(N	=	630,	marginal	R2	=	0.073,	conditional	R2	=	0.270):
Intercept 0.706	±	1.361 0.52 .604
Median	TS 0.0014	±	0.0027 0.53 .595
Individual	TS −0.002	±	0.001 −2.32 .020
FLH −0.331	±	0.120 −2.76 .006
Female	age −0.050	±	0.118 −0.42 .672
Rain −0.065	±	0.029 −2.23 .026
Density −0.003	±	0.008 −0.45 .650
Female	survival	(N	=	805,	marginal	R2	=	0.019,	conditional	R2	=	0.053):
Intercept 0.804	±	0.900 0.90 .370
Median	TS −0.0008	±	0.0023 −0.33 .739
Nest	success 0.561	±	0.227 2.47 .014
Individual	TS −0.0014	±	0.0013 −1.09 .276
(Continues)
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may	change	to	no	or	a	positive	relationship	because	of	adverse	weather	
early	in	the	breeding	season.	Rainfall	during	the	nestling	stage	affects	
reproductive	 output	 and	 probability	 of	 recruitment	 in	 wheatears	














Second,	 changes	 in	 relative	 advantage	 of	 early	 breeding	 and	


















across	 the	years	of	 our	 study	of	wheatears	 are	 in	 line	with	 such	 a	
general	decline	in	food	abundance	or	availability.	Although	we	have	
no	data	on	arthropod	food	abundance,	two	other	facts	suggest	gen-
eral	 food	 availability	may	 have	 declined.	 First,	 the	 general	 level	 of	
nest	predation	has	increased	across	the	study	period	and	increased	
nest	predation	 risk	may	 reduce	 the	amount	of	 food	provisioned	 to	
nestlings	 (e.g.,	 Sofaer,	 Sillett,	 Peluc,	Morrison,	&	Ghalambor,	 2013;	
Dudeck,	Clinchy,	Allen,	&	Zanette,	in	press).	Second,	wheatears	may	
suffer	 from	a	 reduced	availability	of	 food	due	 to	 increased	ground	
vegetation	height	when	 feeding	nestlings.	Field	 layer	height	within	
the	territory	is	an	important	determinant	of	food	availability,	repro-
ductive	 output,	 and	 adult	 survival	 in	 our	 population	 of	wheatears	
(see	Methods).	Although	we	partly	accounted	for	ground	vegetation	








growth.	Our	 results	 are	 similar	 to	 those	 of	Ahola	 et	al.	 (2012)	 and	




Our	 results	 show	 that,	 despite	 superficial	 evidence	 from	 correlated	
temporal	 trends,	 direct	 evidence	 for	 population-	level	 effects	 of	
changes	 in	 phenological	 matching	 between	 timing	 of	 breeding	 and	
Estimate ± SE t or z ΔlogLika Chi- square p
FLH 0.003	±	0.161 0.02 .987
Female	age −0.054	±	0.176 −0.31 .760
Rain 0.0004	±	0.0348 −0.01 .990
Density −0.008	±	0.006 −1.35 .176
Male	survival	(N	=	854,	marginal	R2	=	0.015,	conditional	R2	=	0.031):
Intercept 1.080	±	0.851 1.27 .210
Median	TS −0.0005	±	0.0021 −0.22 .824
Nest	success 0.378	±	0.208 1.82 .070
Individual	TS −0.0010	±	0.0013 −0.74 .461
FLH −0.093	±	0.154 −0.60 .551
Male	age −0.074	±	0.171 −0.43 .664
Rain −0.032	±	0.033 −0.96 .335
Density −0.006	±	0.005 −1.11 .267
aDifference:	(log-	likelihood	of	model	including	predictor	of	interest)	–	(log-	likelihood	of	model	without	predictor).
TABLE  4  (Continued)
     |  13ARLT And PÄRT
thermal	 progression	 of	 spring	 was	 lacking.	 A	 reduced	 phenological	










ships	 between	 phenological	 matching	 and	 population-	level	 de-
mography.	 One	 interpretation	 of	 our	 results	 suggests	 a	 general	
deterioration	 of	 the	 environment	 in	 terms	 of	 food	 abundance	 or	
availability	that	may	cause	the	observed	reduction	in	demographic	
rates	 and	 reduced	 advantage	 of	 early	 breeding	 during	 the	 last	






We	 thank	 all	 our	 field	 assistants	 for	 help	with	 data	 collection,	 land	


















Debora Arlt  http://orcid.org/0000-0003-0874-4250 
REFERENCES
Ahola,	M.	 P.,	 Laaksonen,	 T.,	 Eeva,	 T.,	 &	 Lehikoinen,	 E.	 (2012).	 Selection	
on	 laying	 date	 is	 connected	 to	 breeding	 density	 in	 the	 pied	 fly-






between	 preference	 and	 breeding	 success.	 Ecology,	 88,	 792–801.	
https://doi.org/10.1890/06-0574
Arlt,	D.,	&	Pärt,	T.	(2008).	Post-	breeding	information	gathering	and	breed-
ing	territory	shifts	in	northern	wheatears.	Journal of Animal Ecology,	77,	
211–219.	https://doi.org/10.1111/j.1365-2656.2007.01329.x
Arlt,	D.,	&	Pärt,	T.	 (2017).	Data	 from:	Marked	 reduction	 in	 demographic	
rates	and	reduced	fitness	advantage	for	early	breeding	is	not	linked	to	
reduced	 thermal	matching	of	breeding	 time.	Dryad Digital Repository,	
https://doi.org/10.5061/dryad.qp811
Bale,	 J.	 S.,	Masters,	G.	 J.,	Hodkinson,	 I.	D.,	Awmack,	C.,	 Bezemer,	T.	M.,	
Brown,	V.	K.,	…	Good,	J.	E.	(2002).	Herbivory	in	global	climate	change	re-
search:	Direct	effects	of	rising	temperature	on	insect	herbivores.	Global 
Change Biology,	 8,	 1–16.	 https://doi.org/10.1046/j.1365-2486.2002. 
00451.x
Bates,	 D.,	 Maechler,	 M.,	 Bolker,	 B.,	 &	 Walker,	 S.	 (2012).	 lme4: Linear 
mixed-effects models using S4 classes.	R	package,	version	0.999999-0.	
http://CRAN.R-project.org/package=lme4
Bell,	 J.	 R.,	 Alderson,	 L.,	 Izera,	 D.,	 Kruger,	 T.,	 Parker,	 S.,	 Pickup,	 J.,	 …	
Harrington,	 R.	 (2015).	 Long-	term	 phenological	 trends,	 species	 ac-
cumulation	 rates,	 aphid	 traits	 and	 climate:	 Five	 decades	 of	 change	
in	migrating	aphids.	Journal of Animal Ecology,	84,	21–34.	https://doi.
org/10.1111/jane.2014.84.issue-1
Both,	C.	 (2010).	Food	availability,	mistiming,	and	climate	change.	 In	A.	P.	







trophic	levels:	Constraints	or	adaptations?	Journal of Animal Ecology,	78,	
73–83.	https://doi.org/10.1111/jae.2009.78.issue-1
Both,	 C.,	 &	 Visser,	 M.	 E.	 (2001).	 Adjustment	 to	 climate	 change	 is	 con-






Cramp,	S.	(1988).	Handbook of the birds of Europe, the Middle East and North 
Africa: The Birds of the Western Palearctic. Volume V: Tyrant flycatchers to 
thrushes.	New	York,	NY:	Oxford	University	Press.













14  |     ARLT And PÄRT




sparrows,	Melospiza melodia. Animal Behaviour,	72,	933–940.	https://
doi.org/10.1016/j.anbehav.2006.03.006
Dunn,	P.	O.,	&	Møller,	A.	 P.	 (2014).	Changes	 in	 breeding	phenology	 and	







A.,	 Pettorelli,	 N.,	 &	 Stenseth,	 N.	 C.	 (2005).	 Timing	 and	 abundance	
as	 key	 mechanisms	 affecting	 trophic	 interactions	 in	 variable	 envi-
ronments.	 Ecology Letters,	 8,	 952–958.	 https://doi.org/10.1111/
ele.2005.8.issue-9
Durant,	 J.	M.,	 Hjermann,	 D.	 Ø.,	 Ottersen,	 G.,	 &	 Stenseth,	 N.	 C.	 (2007).	
Climate	and	 the	match	or	mismatch	between	predator	 requirements	
and	 resource	 availability.	Climate Research,	33,	 271–283.	 https://doi.
org/10.3354/cr033271
Emmenegger,	 T.,	 Hahn,	 S.,	 &	 Bauer,	 S.	 (2014).	 Individual	 migration	 tim-
ing	 of	 common	 nightingales	 is	 tuned	 with	 vegetation	 and	 prey	
phenology	 at	 breeding	 sites.	 BMC Ecology,	 14,	 9.	 https://doi.
org/10.1186/1472-6785-14-9
Fabina,	N.	 S.,	Abbott,	K.	C.,	&	Gilman,	R.	T.	 (2010).	 Sensitivity	 of	 plant–
pollinator–herbivore	 communities	 to	 changes	 in	 phenology.	





Hallmann,	C.	A.,	 Sorg,	M.,	Jongejans,	E.,	 Siepel,	H.,	Hofland,	N.,	 Schwan,	
H.,	…	Goulson,	D.	(2017).	More	than	75	percent	decline	over	27	years	
in	 total	 flying	 insect	 biomass	 in	 protected	 areas.	 PLoS ONE,	 12(10),	
e0185809.	https://doi.org/10.1371/journal.pone.0185809
Hodgson,	J.	A.,	Thomas,	C.	D.,	Oliver,	T.	H.,	Anderson,	B.	J.,	Brereton,	T.	M.,	









similar	 thermal	 requirements.	 Journal of Economic Entomology,	 104,	
1870–1876.	https://doi.org/10.1603/ec11247
Johansson,	 J.,	 Kristensen,	 N.	 P.,	 Nilsson,	 J.-Å.,	 &	 Jonzén,	 N.	 (2015).	 The	
















a	 fluctuating	 environment:	 Environmental	 variability	 and	 asymmet-
ric	fitness	curves	can	 lead	to	adaptively	mismatched	avian	reproduc-
tion.	Proceedings of the Royal Society B,	279,	 3161–3169.	https://doi.
org/10.1098/rspb.2012.0431
Low,	M.,	Arlt,	D.,	Eggers,	S.,	&	Pärt,	T.	(2010).	Habitat-	specific	differences	
in	 adult	 survival	 rates	 and	 its	 links	 to	 parental	 workload	 and	 on-	
nest	 predation.	 Journal of Animal Ecology,	 79,	 214–224.	 https://doi.
org/10.1111/jae.2009.79.issue-1
Mallord,	J.	W.,	Orsman,	C.	J.,	Cristinacce,	A.,	Stowe,	T.	J.,	Charman,	E.	C.,	&	
Gregory,	R.	D.	 (2017).	Diet	 flexibility	 in	a	declining	 long-	distance	mi-
grant	may	allow	 it	 to	escape	 the	consequences	of	phenological	mis-
match	 with	 its	 caterpillar	 food	 supply.	 Ibis,	 159,	 76–90.	 https://doi.
org/10.1111/ibi.2017.159.issue-1
Martin,	T.	E.	 (1987).	Food	as	a	 limit	on	breeding	birds:	A	 life-	history	per-








change	are	declining.	Proceedings of the National Academy of Sciences 
of the United States of America,	 105,	 16195–16200.	 https://doi.
org/10.1073/pnas.0803825105
Nielsen,	J.	T.,	&	Møller,	A.	P.	(2006).	Effects	of	food	abundance,	density	and	
climate	 change	 on	 reproduction	 in	 the	 sparrowhawk	 Accipiter nisus. 
Oecologia,	149,	505–518.	https://doi.org/10.1007/s00442-006-0451-y
Nietschke,	B.	S.,	Magarey,	R.	D.,	Borchert,	D.	M.,	Calvin,	D.	D.,	&	Jones,	
E.	 (2007).	 A	 developmental	 database	 to	 support	 insect	 phenology	
models.	 Crop Protection,	 26,	 1444–1448.	 https://doi.org/10.1016/j.
cropro.2006.12.006
Nizinski,	J.	J.,	&	Saugier,	B.	(1988).	A	model	of	leaf	budding	and	develop-
ment	for	a	mature	Quercus	forest.	Journal of Applied Ecology,	25,	643–
652.	https://doi.org/10.2307/2403851
Öberg,	M.	(2014).	When climate is changing: effects of phenology and local cli-
mate on individual fitness.	PhD	thesis,	Swedish	University	of	Agricultural	
Sciences,	Sweden.





the	 seasonal	 fitness	 decline.	 Oecologia,	 174,	 139–150.	 https://doi.
org/10.1007/s00442-013-2763-z
Parmesan,	 C.	 (2006).	 Ecological	 and	 Evolutionary	 Responses	 to	 Recent	
Climate	Change.	Annual Review of Ecology, Evolustion and Systematics,	
















Impacts	 of	 climate	 on	 prey	 abundance	 account	 for	 fluctuations	 in	 a	




Kunin,	W.	 E.	 (2010).	 Global	 pollinator	 declines:	 Trends,	 impacts	 and	
drivers.	 Trends in Ecology and Evolution,	 25,	 345–353.	 https://doi.
org/10.1016/j.tree.2010.01.007
R	Core	Team	(2013).	R: A language and environment for statistical computing. 
Vienna,	Austria:	R	Foundation	for	Statistical	Computing.
Reed,	 T.	 E.,	 Grøtan,	 V.,	 Jenouvrier,	 S.,	 Sæther,	 B.-E.,	 &	 Visser,	 M.	 E.	
(2013).	 Population	 growth	 in	 a	wild	 bird	 is	 buffered	 against	 pheno-
logical	 mismatch.	 Science,	 340,	 488–491.	 https://doi.org/10.1126/
science.1232870
Reed,	T.	E.,	Jenouvrier,	S.,	&	Visser,	M.	E.	 (2013).	Phenological	mismatch	
strongly	 affects	 individual	 fitness	 but	 not	 population	 demography	 in	





Roy,	 D.	 B.,	 &	 Sparks,	 T.	 H.	 (2000).	 Phenology	 of	 British	 butterflies	 and	





of the Royal Society B,	 278,	 835–842.	 https://doi.org/10.1098/
rspb.2010.1778
Sanz,	J.	J.	 (2003).	Climate	change	and	fitness	components	of	a	migratory	
bird	 breeding	 in	 the	Mediterranean	 region.	Global Change Biology,	9,	
461–472.	https://doi.org/10.1046/j.1365-2486.2003.00575.x
Seward,	 A.	 M.,	 Beale,	 C.	 M.,	 Gilbert,	 L.,	 Jones,	 T.	 H.,	 &	 Thomas,	 R.	
(2013).	 The	 impact	 of	 increased	 food	 availability	 on	 survival	 of	 a	




on	 avian	 reproductive	 strategies.	 Behavioral Ecology,	 24,	 698–707.	
https://doi.org/10.1093/beheco/ars212
Tarwater,	C.	 E.,	&	Beissinger,	 S.	 R.	 (2013).	Opposing	 selection	 and	envi-
ronmental	variation	modify	optimal	timing	of	breeding.	Proceedings of 






Thomas,	J.	A.,	Telfer,	M.	G.,	 Roy,	D.	B.,	 Preston,	C.	D.,	Greenwood,	J.	 J.,	




–	concepts	and	utility.	Annals of Applied Biology,	146,	1–14.	https://doi.
org/10.1111/aab.2005.146.issue-1
Tye,	A.	 (1992).	Assessment	of	territory	quality	and	its	effects	on	breed-
ing	 success	 in	 a	migrant	 passerine,	 the	Wheatear	Oenanthe oenan-

















Verhulst,	 S.,	 &	 Nilsson,	 J.-A.	 (2008).	 The	 timing	 of	 birds’	 breeding	 sea-
sons:	A	 review	 of	 experiments	 that	manipulated	 timing	 of	 breeding.	
Philosophical Transactions of the Royal Society of London B: Biological 
Sciences,	363,	399–410.	https://doi.org/10.1098/rstb.2007.2146
Visser,	M.	E.,	&	Both,	C.	(2005).	Shifts	in	phenology	due	to	global	climate	




of	 selection	 on	 timing	 of	 reproduction	 in	 a	 long-	distance	 migratory	
bird. PLoS Biology,	13(4),	 e1002120.	 https://doi.org/10.1371/journal.
pbio.1002120
Visser,	M.,	Holleman,	L.,	&	Gienapp,	P.	(2006).	Shifts	in	caterpillar	biomass	
phenology	due	 to	climate	change	and	 its	 impact	on	 the	breeding	bi-
ology	 of	 an	 insectivorous	 bird.	Oecologia,	147,	 164–172.	 https://doi.
org/10.1007/s00442-005-0299-6
Visser,	M.,	van	Noordwijk,	A.	J.,	Tinbergen,	J.	M.,	&	Lessels,	C.	M.	(1998).	
Warmer	 springs	 lead	 to	 mistimed	 reproduction	 in	 great	 tits	 (Parus 
major).	Proceedings of the Royal Society B,	265,	1867–1870.	https://doi.
org/10.1098/rspb.1998.0514
Walther,	G.-R.	(2010).	Community	and	ecosystem	responses	to	recent	cli-
mate	change.	Philosophical Transactions of the Royal Society of London 
B: Biological Sciences,	 365,	 2019–2024.	 https://doi.org/10.1098/
rstb.2010.0021
Walther,	G.	R.,	Post,	E.,	Convey,	P.,	Menzel,	A.,	Parmesan,	C.,	Beebee,	T.	J.,	






Additional	 Supporting	 Information	may	 be	 found	 online	 in	 the	 sup-
porting	information	tab	for	this	article.	
How to cite this article:	Arlt	D,	Pärt	T.	Marked	reduction	in	
demographic	rates	and	reduced	fitness	advantage	for	early	
breeding	is	not	linked	to	reduced	thermal	matching	of	
breeding	time.	Ecol Evol. 2017;00:1–15.  
https://doi.org/10.1002/ece3.3603
